The Receptor Tyrosine kinase (RTK) and TGF-β signaling pathways play essential roles during development in many organisms and regulate a 17 plethora of cellular responses. From the genome sequence of Strongylocentrotus purpuratus, we have made an inventory of the genes encoding 18 receptor tyrosine kinases and their ligands, and of the genes encoding cytokines of the TGF-β superfamily and their downstream components.
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162 of ligand they preferentially bind i.e. the BMP, BMP/Activin or 163 Nodal/Activin/TGF-β sensu stricto. Therefore, while there is a 164 high level of structural and functional diversity within the TGF-165 β ligands, the assortment of receptors they bind to is much 166 smaller. Despite the variety of cellular processes that they 167 regulate and the large diversity of ligands present in some 168 species, the TGF-β signal transduction pathway is surprisingly 169 simple and relies on a handful of highly conserved transcription 170 factors of the Smad family (Massague et al., 2005) . 171 The sea urchin embryo, which has largely contributed to 172 shape the concepts of embryonic induction and conditional The results of this survey indicate that most of the RTK and 181 TGF-β signaling pathways genes are represented in the sea 182 urchin suggesting that these genes are part of the common 183 genetool kit for intercellular signaling of deuterostomes. 184 Results and discussion 185 A basic RTK gene set 186 The 28944 gene models predicted from the first draft of the 187 sea urchin genome by the GLEAN program were surveyed for 188 RTK genes using RTK sequences from deuterostome and 189 protostome organisms. Twenty gene models (listed in the upper 190 part of Table 1 ) can be confidently identified as RTK genes 191 based on the following arguments: First, in all but a few cases, 192 the predicted protein presents the general organization of RTKs: 193 Extracellular domain (ECD)/Transmembrane domain (TM)/ 194 Tyrosine Kinase domain (TyrK), with signal peptides (SP) 195 sometimes detected. Second, BLAST analyses give the same 196 hits with either the entire protein sequence or only the TyrK 197 domain. Bidirectional best hit analysis carried out with the 198 human and sea urchin genomes gave reciprocal hits in nearly all 199 cases, or hits with closely related member of the same family in 200 a few cases. Third, the domains identified in the ECD are those 201 normally found in the family defined by the TyrK domain, 202 although with some variation in the number and organization of 203 the modules. Finally, in a phylogenetic tree of the TyrK 204 domains, each sea urchin sequence clearly grouped with one 205 known RTK family member ( Fig. 1 ). This set of canonical RTKs 206 includes two special cases. Identification of Sp-LMR does not 207 rely on the structure of the ECD but on its absence, as paralogs 208 found in vertebrates have only a vestigial extracellular domain 209 reduced to a few amino acids. The prediction for the ALK 210 receptor (Anaplastic Lymphoma Kinase) lacks both the ECD 211 and the TM domains and thus resembles a cytoplasmic kinase. 212 However, BLAST analysis and phylogeny consistently desig-213 nate this kinase domain as closely related to ALK. Definitive 214 assignment requires identification of the missing parts.
215
In the lower part of Table 1 are listed additional gene 216 models that give BLAST hits with RTKs but that have been 217 annotated as hypothetical RTK since they do not fulfill all the 218 criteria described above. Among those putative RTK, seven 219 models predict proteins containing TM and ECD upstream of 220 Tyr kinase domains. However, BLAST analysis with human 221 proteins does not produce reciprocal hits and when incorpo-222 rated in the set of sequences used for a phylogenetic analysis, 223 most of the kinase domains of these models failed to group 224 with known RTK families (not shown). Exceptions are two 225 models (SPU-000806 and SPU-020532), which cluster with 226 the divergent Sp-FGFR2, and (SPU-000667), loosely con-227 nected to the RET family (bootstrap value below 50%, Fig. 1 ).
228
Furthermore, several of these additional models display ECD 229 components that do not correspond to those predicted from the 230 similarity of their kinase domain. For example, SPU-000806 231 and SPU-020532, the 2 models that cluster with Sp-FGFR2, 232 contain EGF (SPU-000806) or CCP (SPU-020532) domains, 233 which have never been found associated with FGFRs so far. case the 2 models identified seem to be too divergent to be 255 haplotype pairs. This will have to be confirmed when a more 256 advanced assembly of the sea urchin genome will be available.
257
Only 2 families are not represented in the sea urchin genome, 258 the ALX and PDGFR families. In human, the ALX family receptor kinase nor its ligand Gas6 is represented in the sea 265 urchin genome, it is likely that these genes appeared with the 266 chordates. Fig. 1 . Phylogenetic tree of the Tyr-kinase domain of the RTKs. Sequences from kinase domains were aligned with ClustalX and the tree was generated by the neighbor-joining method with 1000 bootstrap replications. Numbers indicate the percentage of times the corresponding node was supported in 1000 replications. Nodes that were insufficiently supported were collapsed. S. purpuratus sequence names are colored as follows: red, identified RTKs designated with their provisional name (Table 1) ; blue, Glean numbers of putative RTKs or isolated Tyr-kinase domains. Several predicted proteins (SPU-000667, 026272, 009079, 006004, 021843, 005055, 011509, 019799, 009842, 009990, 017493, 027311, 024883) that consist of isolated Tyr kinase domain or that display an unusual architecture do not appear in this tree. These proteins give non-reciprocal blast hits with RTKs. Furthermore, when incorporated in a phylogenetic analysis, most of these protein sequences failed to group with the classic RTK families (not shown). Therefore, these models cannot be confidently assigned as incomplete RTK gene models and will have to be reconsidered at a more advanced stage of assembly. Only SPU-024883 is closely related to Sp-Ret. Sp-Ret largely overlaps SPU-024883 on both sides. In the overlapping region, the nucleotide sequences are almost identical except for an insert in SPU-024883, which lies between 2 exons of Sp-RET. These 2 models resemble protein products from alternative splicing of the same gene. It is possible that they represent 2 different alleles. 
The general picture that emerges is that the sea urchin 268 genome contains a basic RTK gene set similar to that of 269 vertebrates. In vertebrates, there are five PDGFR 274 and three VEGFR paralogs. In contrast, Drosophila has only 275 one receptor gene, PVR, that is related to both families, but 276 possesses seven Ig domains and seems to be closer to VEGFR 277 than to PDGFR. In the Ciona genome, a single gene similar to 278 VEGFR was found but no orthologue of PDGFR. A careful 279 phylogenetic study (Grassot et al., 2006) indicates that these 280 two families evolved from a common ancestor which became 281 duplicated after the protostome-deuterostome separation, the 282 two genes having diverged before the appearance of urochor-283 dates. Other duplications occurred later during early evolution 284 of the vertebrates to give the complete set of paralogs. In this 285 hypothesis, the PDGFR gene would have been lost in ascidians. 286 Apparently, the PDGFR gene is also lacking in the sea urchin 287 genome. This is surprising since previous studies had strongly 288 implicated the PDGF pathway in sea urchin development 289 (Ramachandran et al., 1993 (Ramachandran et al., , 1995 (Ramachandran et al., , 1997 . In contrast, two gene 290 models for VEGFR have been found. Both proteins have a 291 higher sequence similarity with VEGFR than with PDGFR, and 292 their kinase domains group with those of the VEGFR (Fig. 1 ). 293 One of these receptors displays the canonical seven Ig domains 294 (Sp-VEGFR-7) and is likely the sea urchin orthologue to the 295 vertebrate VEGFR. The other protein has a peculiar structure 296 with 10 Ig domains (Sp-VEGFR-10). This structure was already 297 known from cDNA cloning and sequencing in a closely related 298 sea urchin species (C. Gache unpublished) and appears to be 299 specific to the sea urchin. The presence of true VEGFR 300 receptors in the sea urchin is also supported by the identification 301 of several genes coding for their cognate ligands (Table 3) . If 302 PDGFR genes are absent in both echinoderms and ascidians, it 303 is possible that a duplication from the common ancestor 304 occurred later than expected. The origin of the atypical VEGFR 305 receptor in the sea urchin is not understood.
INSR and ILGFR

307
Two gene models, SPU-002840 and SPU-003915, are 308 related to the Insulin Receptor (INSR) family and were 309 designated INSR and ILGRF based on BLAST hits. However, 310 as shown in Fig. 1 (Itoh et al., 1995) . 320 It might thus be predicted that the sea urchin would have only 321 one FGFR gene. However, several incomplete gene models give 322 hits with known FGFRs, suggesting a moderate expansion of 323 this family in Echinoderms. One of these incomplete gene 324 model which encodes a kinase domain with reciprocal hits with 325 FGFR (SPU-004747) is located downstream of a model 326 predicted to contain 3 IG and 1 FnIII domains (SPU-004746), 327 which are typically found in FGFRs. These two models are in containing Ig domains in their extracellular region. 339 We have included in Table 1 gene Table   371 2, together with the sequences from their human homologs. The 
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The ROS case is puzzling. ROS is an active RTK but Sp-388 ROS lacks the VAVK motif and thus a critical K. The 389 GXGXXG motif is also almost completely absent. At this 390 stage, however, it would be premature to conclude that Sp-ROS 391 is inactive. Sequencing errors or inaccuracy of the prediction 392 should be carefully checked.
RTK ligands and docking proteins 394
As transducers of signals from outside to inside of the cell, 395 RTKs interact with proteins on both sides of the membrane. In The cognate ligands that have been identified in the sea 405 urchin genome are listed in Table 3 and some of the enzymes 406 and adaptors that bind directly or are closely linked to the RTKs 407 are listed in Table 4 . This initial survey indicates that most of the Table 1 ). t3:28 , 1996, 1998) . The complex expression pattern of 419 FGFR1 in the sea urchin embryo is a good illustration of the 420 repeated deployment of signaling pathways during embryoge-421 nesis and of their participation in different gene regulatory 422 networks. FGFR1 is expressed ubiquitously during cleavage 423 stages but begins to be expressed more strongly at the vegetal 424 pole in the region where precursors of the skeletogenic 425 mesenchyme (called PMCs) are located starting at the hatched 426 blastula stage (Fig. 2B ). Expression of FGFR1 transcripts 427 intensifies in the PMCs at the time they start to ingress into the 428 blastocel, giving the characteristic appearance of an open ring at 429 the vegetal pole ( Fig. 2D ). Starting at the blastula stage, FGFR1 430 expression also becomes asymmetrical along the oral-aboral 431 axis (Figs. 2C, D), with a stronger expression in the presumptive 432 oral ectoderm. After ingression of the PMCs, two novel 433 domains of expression appear at the animal pole and in a ring 434 of cells at the vegetal pole that corresponds to the presumptive 435 secondary mesenchyme cell territory (Figs. 2E, F). Cells within 436 this territory will give rise to mesodermal derivatives such as 437 pigment cells, muscle cells and blastocoelar cells. During 438 gastrulation, restricted expression of FGFR1 persists at the 439 animal pole ( Fig. 2H ) and in the oral ectoderm ( Fig. 2I ), but 440 FGFR1 is now also transcribed actively in the presumptive The univin gene was the first TGF-β characterized in the sea 497 urchin (Stenzel et al., 1994). Interestingly, the univin gene is 498 located on the same scaffold as BMP2/4 in the sea urchin 499 genome, only 20 kilobases apart from BMP2/4. This close 500 proximity suggests that the two genes originated by gene 501 duplication. Indeed, sequence comparisons indicate that the 502 mature form of Univin is highly related to BMP2/4 (60% 503 identities); however, phylogenetic analysis indicates that this 504 gene belongs to a distinct subfamily which includes GDF1 and 505 GDF3. As shown previously (Stenzel et al., 1994), the univin 506 gene is uniformly and strongly expressed maternally and during 507 cleavage ( Fig. 4A and data not shown see also Zito et al., 2003) . 508 Starting at the blastula stage, univin is expressed in a 509 circumequatorial ring of ectodermal cells (Figs. 4B, C) and in 510 the archenteron during gastrulation (Fig. 4D) . At the end of 511 embryogenesis, univin transcripts are confined to bilateral 512 regions of the ectoderm between the arms of the young pluteus 513 larva (Fig. 4E ). 
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Therefore, it is not clear whether this gene is part of the ancestral 573 complement of TGF-β in protostomes. Intriguingly, the sea 574 urchin genome contains two distinct sequences that cluster with 575 ADMP in our phylogenetic tree (Fig. 3) , which we called 576 ADMP1 and ADMP2. Neither ADMP1 nor ADMP2 was 577 accurately predicted by the prediction softwares. In the case 578 of ADMP1, only the prodomain was predicted but tiling array 579 data readily identified the missing exons in the adjacent The amino acid sequences of 16 GLEAN predictions were analyzed to build this tree. Careful examination of genomic sequences in the vicinity of some of these predictions allowed to add or to eliminate missing or incorrectly predicted exons and to detect three artifactual duplications. ADMP2 was not predicted by the GLEAN3 software but was found by TBLASTN analysis of the total genomic DNA (http://urchin.nidcr.nih. gov/blast/index.html). Abbreviations are: Acro: Acropora milepora (coral); Anoph: Anopheles gambiae (African malaria mosquito); Amph: Amphiura filiformis (brittle star); Amp: Branchiostoma belcheri (cephalochordate); Apis: Apis mellifera (honeybee); Bf Branchiostoma floridae (cephalochordate); Ci: Ciona intestinalis The provisional gene name was chosen with respect to the phylogenic analysis and may differ from those of the corresponding Glean and NCBI predictions. SPU numbers are indicated for the predicted ligands. Three of these gene models, SPU-021497, SPU-002662 and SPU-022653 are most likely truncated, artificially duplicated or allelic versions of respectively SPU-000669, SPU-012786 and SPU-003835. These predictions were not incorporated into the phylogenic analysis. The accession numbers corresponding to the automated GNOMON gene predictions from NCBI are indicated when available. The star indicates that part of the NCBI prediction differs from the associated GLEAN3 prediction. Expression tilling data are derived from the hybridization embryonic array data in the genboree browser Follistatin in the sea urchin genome ( Table 6 ). The correspond-718 ing protein shows a bidirectional best hit with the Human 719 inhibitor of Activin and therefore likely corresponds to the 720 orthologue of Follistatin.
721
The activity of TGF-β ligands is also regulated indirectly by (Samanta et al., 2006) .
733
In addition to these genes, the sea urchin genome sequence 
743
In summary, an inventory of extracellular modulators of 744 BMP signaling in the sea urchin genome indicates that 745 Echinoderms have a large repertoire of such modulators. This 746 repertoire is similar to that present in vertebrates suggesting that 747 the expansion of the number of modulators accompanied the 748 expansion of the number of TGF-β ligands.
TGF-β receptors 750
The sea urchin complement of TGF-β receptors is made of 3 751 type I and 3 type II receptors (Table 7) . Sp-Alk1/2, Sp-Alk3/6 752 and Sp-Alk4/5/7 are the type I receptors while Sp-BMPR2, Sp-753 ACVR2 and Sp-TGFBR2 are the cognate type II receptors. 754 Phylogenetic analysis and best-hit analysis unambiguously 755 assigned each of these 6 receptors to one of the 6 known 756 subfamilies of TGF-β receptors (Fig. 5 ). This complement of 757 receptors is very similar to the complement of receptors found 758 in Drosophila. In comparison, the vertebrate genome contains 759 no less that 7 type I and 5 type II receptors, allowing potentially 760 more than 30 combinations of homo and heterodimers. 761 Therefore, the significant expansion of TGF-β ligands present 762 in echinoderms was not accompanied by an increase in the 763 repertoire of receptors raising the challenging question of how 764 these different ligands use this limited set of receptors to 765 mediate their effects.
766
In vertebrates, BMP signaling is negatively regulated by a 767 pseudoreceptor called BAMBI (BMP and Activin Membrane 768 Bound Inhibitor) in Xenopus or Nma in humans (Onichtchouk 769 et al., 1999) . The extracellular domain of BAMBI shows 770 similarity to TGF-β receptors, but the protein lacks the 771 intracellular kinase domain and behaves as a dominant negative 772 receptor. We did not identify any orthologue of BAMBI in the 773 current assembly of the sea urchin genome, suggesting that this 774 gene emerged after the divergence of Echinoderms from the 775 other deuterostome lineages or that it was lost in echinoderms. 776 In contrast, we identified a member of the EGF-CFC family 777 Oep/Crypto/FRL1 which in vertebrates is absolutely required (Table 9 ).
Conclusion
832
An in silico inventory of sea urchin genes belonging to two 833 signaling pathways particularly important during embryonic 834 development, the receptor tyrosine kinase and the TGF-β 835 signaling pathways, indicates that an almost complete repertoire 836 of these genes is represented in basal deuterostomes. Most of 837 these genes are present as single copy in the sea urchin genome, 838 and are expressed during early development with sometimes 839 very complex and dynamic patterns suggesting their implication 840 in different gene regulatory networks. Analysis of evolutionary 841 relatedness shows that nearly all these genes are more related to 842 vertebrate genes rather than to invertebrate sequences. Since 843 echinoderms are basal deuterostomes, these genes can be 844 considered as the part of the common genetic toolkit for 845 intercellular signaling of deuterostomes. The next challenge will 846 be to analyze the function of these factors during sea urchin 847 development. With the apparent lack of gene redundancy and 848 the availability of gene knockdown techniques by injection of 849 antisense morpholino oligonucleotides, the sea urchin embryo, 850 which has largely contributed for over a century to the study of 851 the role of cell interactions during development, will undoubt-852 edly continue to be a very attractive model to address these 853 questions.
854 Materials and methods
855
The sea urchin genome database and GLEAN3 gene list (28944 predictions) 856 were searched using TBLASTN and BLASTP (Altschul et al., 1997) using as 857 queries a comprehensive set of individual vertebrates Receptor Tyrosine Kinases 858 sequences as well as sequences belonging to the TGF-β, TGF-β receptors, 859 Smads, transcription factors acting downstream of Smads, Smad cofactors and 860 extracellular or intracellular modulators of this signaling pathway. 861
In the case of RTKs, either the entire RTK sequence or partial sequences 862 corresponding to the kinase domain or interacting domains present in this class 863 of proteins were used as query. 864
In the case of the TGF-β ligands, we also searched the Protein family (Pfam) 865 database with PF00688, PF00019 which define the TGF-β propeptide and TGF-866 β mature ligand domains.
867
The predicted open reading frames were analyzed using the precomputed 868 information available in the sea urchin annotation database and the GENBOREE 869 viewer and the S. purpuratus genome research tools available at http://urchin. 870 nidcr.nih.gov/blast/index.html. The domain organization of the putative proteins 871 was deduced using algorithms from SMART (Simple Modular Architecture 872 Research Tool) and InterproScan (http://www.ebi.ac.uk/InterProScan/). 873
The putative translated protein sequences were aligned with the protein 874 sequences of known members from different species as well as with P. lividus 875 sequences when available using ClustalW (Thompson et al., 1994) . The global 876 organization of the protein (length, nature, organization and number of domains, 877 presence of a catalytic domain) was verified. When available, ESTs were used to 878 validate the gene predictions. In most cases, the GLEAN3 program failed to 879 predict accurately the 5′ end of the proteins and the signal peptides. The 880 predicted exons/intron boundaries were checked against the tiling array 881 expression data (Samanta et al., 2006) . 
901
In situ hybridization 902 In situ hybridization was performed following a protocol adapted from Functional cloning of the proto-oncogene brain factor-1 (BF-1) as a Smad- 
